Cuticles act as solution-diffusion membranes for water transport. Diffusion in pores does not contribute to cuticular transpiration. An extensive literature survey of cuticular permeances (P) and minimum leaf conductances (g mln ) to water is presented. The two variables cannot be distinguished with most experimental techniques. Results from different experiments are in good agreement with each other for some species, for example, Fagus sylvatica L., but not for others, such as Picea abies (L.) Karst. In a data set of 313 values of P or g mln from 200 species, distributions of results obtained with different techniques were found to differ significantly. Likely reasons include water loss from incompletely closed or incompletely sealed stomata, and the dependence of P on moisture content of the cuticle and on storage time of isolated cuticles. Contrasting evidence for an interaction between cuticular transpiration and stomatal sensitivity to air humidity is presented. The occurrence of unusually high g/ mln in trees growing at the alpine treeline and its physiological significance are discussed. It is shown that g mln is of little value as a predictor for drought resistance of crops, with the possible exception of Sorghum bicolor L. Moench. Possible water uptake from fog or dew across cuticles is considered briefly.
Introduction
Ever since vascular plants managed to establish themselves on dry land around 400 million years ago, they have been protected against desiccation by a cuticle (Edwards et al., 1982) . The main physiological significance of its permeability to water obviously lies in reducing the uncontrolled water loss sufficiently to allow higher plants to grow on land and it is self-evident that this task is generally fulfilled successfully. However, large differences exist between minimum leaf conductances in the field and under experimental desiccation stress (KSrner, 1994) . Numerous papers report cuticular permeances one to two orders of magnitude lower than minimum stomatal conductances (Lendzian and Kerstiens, 1991) . One might therefore ask whether 'normal' cuticular transpiration rates are not too low to have any effect on leaf water relations at all. To put it another way: what is the physiological significance of the cuticle being a somewhat less than perfect water barrier? What is 'cuticular' transpiration anyway? How much water is lost through stomata when they are 'closed', and does it matter? It is not possible to give simple and straightforward answers to any of these questions. This paper will present a framework for the interpretation of (apparently) cuticular transpiration rates taking account of the type of experimental technique they were determined with, and it will discuss the following hypotheses:
(1) Cuticular transpiration is involved in the stomatal response to leaf-to-air water vapour pressure difference (VPD);
(2) Cuticular transpiration is a determinant of survival of conifers at the alpine treeline and of plantlets following transfer from in vitro culture;
(3) Cuticular transpiration is a predictor of drought resistance in crops;
(4) Water uptake through the cuticle is significant in certain plants.
The (rather insignificant) influences of humidity, light environment and air pollution during leaf growth on cuticular water permeability have been discussed recently (Kerstiens, 19946, 1995, 19966) . A summary of leaf age effects was given in Lendzian and Kerstiens (1991) . These points will not be taken up again in the present paper.
What is cuticular transpiration?
Diffusion across the cuticular membrane
In stomatal transpiration, water molecules diffuse in a gaseous continuum from the intercellular air space through stomatal pores to the leaf boundary layer and finally into the bulk air. Diffusion across the cuticle, on the other hand, involves water dissolving in the lipophilic medium of the cuticle at the cell wall/cuticle interface, diffusion in the solid matrix, and finally desorption from the outer surface of the cuticular membrane (Lendzian and Kerstiens, 1991) . The cuticle acts as a 'solutiondiffusion membrane ' (Wijmans and Baker, 1995) . The basic process of diffusion in the cuticular membrane is in fact the same as in, for instance, chloroform. The main difference is the much smaller degree of molecular motion in the cuticle as compared to liquid chloroform. Therefore, the diffusion coefficient (a measure of the mobility of diffusing molecules) in the cuticle is very small (Becker etai, 1986) .
Comparing diffusion in the cuticle with that in chloroform is, of course, an extreme simplification. The cuticle is a very inhomogeneous membrane, consisting of a matrix made up of polysaccharide microfibrils and one or more lipophilic polymers (cutin, cutan, and perhaps others; Holloway, 1994) . Waxes are embedded in the matrix and can be removed with organic solvents. These waxes form a mosaic of domains with different properties in the membrane. The domains differ in their accessibility to diffusing molecules, depending on the degree of molecular order that is achieved locally (Reynhardt and Riederer, 1994; Riederer and Schreiber, 1995) . Where the carbon chains of waxes are in close alignment and form crystalline zones, no diffusing molecule can get through. Water and other diffusing molecules must find their way around these obstacles. The path that leads them through amorphous wax domains is tortuous and reduces the apparent diffusion coefficient even further. The actual main diffusion barrier is located in a relatively narrow band at or near the outer surface of the cuticular membrane and has been called the limiting skin (Schdnherr and Riederer, 1989) . This is why the overall thickness of the cuticular membrane is not correlated with its water permeability (Kamp, 1930; Becker et al, 1986; Schreiber and Riederer, 19966) .
The question of the 'right' units
Atmospheric pressure and temperature affect the density of air and, therefore, the diffusion coefficient of water in air. This has led to the introduction of the water/air mole fraction difference as the driving force used to calculate stomatal conductance (which produces units of mol m~2 s" 1 ). Because diffusion across the cuticle does not occur in air-filled pores, atmospheric pressure (within the normal range) has no effect on the mobility of water molecules in the cuticular membrane, and to use the mole fraction difference to calculate the cuticular permeance to water (P) would be inappropriate. The driving force for diffusion across the cuticle is the water vapour concentration difference across the membrane and, therefore, the units of P are m s" 1 (Becker et al, 1986) . To facilitate comparisons both minimum conductances and cuticular permeances have been expressed in these units in the present paper (1.00 x 10~5 m s'^0.410 mmol m" 2 s" 1 at standard pressure and 25 °C; a conversion table can be found in Pearcy et al, 1989) . The choice of the term 'permeance' (Becker et al, 1986) rather than conductance emphasizes the difference in the physical mechanism underlying stomatal and cuticular transpiration. In contrast to the convention regarding stomatal conductance, but in accordance with other papers on cuticular permeability, both g min and P have been expressed on a total leaf area basis (= twice the projected leaf area of flat leaves) in the present paper (except in the Conclusions). Instead of the water vapour concentration difference, the 'concentration' difference of liquid water across the cuticle is sometimes used as the driving force. In the experimental system used in the relevant papers, the isolated cuticle is in contact with liquid water on one side and with very dry air on the other, so that the driving force equals the density of liquid water. The consequence of this choice of driving force is a very strong temperaturedependence of P, because there is a high activation energy (the latent heat of vaporization of water, 44 kJ mol" 1 ) associated with the breaking up of hydrogen bonds when water molecules leave the liquid phase and become single. This process is basically the same for vaporization of water and for entering the cuticular membrane from the cell wall solution. Therefore, using the water vapour concentration difference across the cuticle as the driving force and assuming air saturated with water vapour at the leaf temperature on the inside of the cuticle, automatically accounts for most of the temperature-dependence of P. The remaining temperature-dependence, which results from the effect of temperature on molecular motion in the membrane and on the solubility of water in the cuticle is small unless the temperature difference in question is very large (Lendzian and Kerstiens, 1991) .
Here is an example: the activation energy of P in beech (Fagus sylvatica) is approximately 6 kJ mol" 1 , excluding (Kerstiens and Lendzian, 19896) . If P is calculated with the water density at 20°C (998.2 kg m"
3 ) as the driving force, the result is 7.0 x 10" 10 m s" 1 . If it is calculated with the saturation concentration of water vapour at 20°C (17.3 g m~3), the result is 4.0x 10" 5 m s"
1 . At 30 °C, the leaf will transpire 1.3 mg m~2 s" 1 . The resulting values for P are 1.3xlO~9 and 4.3xlO~5 m s~\ respectively. The water density-based value of P has almost doubled (because it assumes a very nearly constant driving force without taking account of the increased ability of water molecules to enter the cuticle), whereas the water vapour concentration-based value has increased by 8%, which reflects a real effect of temperature on the transport properties of the cuticular membrane. Therefore, it would be possible, without too much error, to use the water vapour concentration-based value determined at 20 °C to predict transpiration at 10°C or 30 °C (with the help of a table giving the saturation concentration of water vapour at 10°C or 30 °C), whereas the density-based value of P determined at 20 °C would be almost useless for this purpose. All values of P in this paper are water vapour concentration-based.
It is strongly recommended not to use percentage loss of fresh weight per hour as a means for comparison of cuticular water permeability between treatments or species unless it has been established that tissue water content per unit surface area is the same. In leaves containing more water per unit surface area, leaf weight as a fraction of fresh weight will decline more slowly for a given permeance or conductance.
Cuticular permeance and minimum conductance
The term 'cuticular' transpiration is often used to describe transpiration under circumstances of maximum stomatal closure. Strictly speaking, usage of the term is only correct if stomata are completely closed or at least shut so tightly that any water loss through stomatal pores is quantitatively negligible compared to water diffusion across the cuticle. If any uncertainty about the contribution of stomatal transpiration to overall water loss exists (i.e. whenever stomata-bearing surfaces may contribute to the overall water loss), the term 'minimum conductance' (£mm) should therefore be used. Cuticular permeance (or, when not used as a quantity, permeability) will be used when referring to data obtained in stomata-free systems. Figure 1 shows the distributions of P and g min values determined with a range of different methods. The data were gathered from an extensive literature survey (Table 1) . Group A represents measurements with isolated astomatous leaf cuticles or determinations of water vapour flux from adaxial astomatous surfaces of intact Table 1 ): A = water vapour flux from intact astomatous leaf surfaces or isolated cuticles, contributions from stomata-bearing surfaces physically excluded (n = 57); B = mass loss of detached hypostomatous leaves, abaxial surface 'sealed' (n = 28); C = water vapour flux from whole hypostomatous leaves, abaxial surface 'sealed' (n = 6); D = mass loss of detached leaves, stomata-bearing surfaces exposed (n=142); E = water vapour flux from leaves with exposed stomata-bearing surfaces under conditions of assumed or factual maximum stomatal closure (n = 80). Only the means were used where ranges are given in Table 1 . Group medians are represented by the lines inside boxes, 25th and 75th percentiles by the extent of boxes, 10th and 90th percentiles by capped bars, and 5th and 95th percentiles by crosses. All data are based on overall leaf surface (i.e. twice the projected leaf area with flat leaves).
leaves. It was physically impossible for the abaxial surface to contribute to the detected transpiration rates. Almost all of these values were obtained with the outer surface of the cuticular membrane being exposed to 0% relative humidity. Group B represents measurements of mass loss ('transpiration decline curves') with detached and desiccating hypostomatous leaves whose abaxial sides were covered with vaseline, paraffin or petroleum jelly. Group C represents gas exchange measurements with whole hypostomatous leaves, abaxial side covered, enclosed in a cuvette. Group D represents mass loss experiments with whole detached and desiccating leaves, both sides unsealed, and group E represents minimum values of gas exchange experiments conducted with non-desiccating leaves (attached to the plant or standing in water or a solution of abscisic acid) under conditions of darkness or under severe whole-plant water stress. The various methods are discussed in more detail elsewhere (Kerstiens, 1996c) . Medians are significantly (p<0.05) different between group A and B, A and E, and D and E, respectively (Kruskal-Wallis one-way anova on ranks and Dunn's multiple comparison of medians).
There is more than one possible explanation for the differences between different groups shown in Fig. 1 : stomatal water loss may have contributed significantly to g min in systems where stomata were present (particularly in group E, but also in groups B and C if the vaseline or paraffin cover failed to seal stomata completely); 'normal' cuticular permeance to water (i.e. that found under field conditions) may have been underestimated in stomatafree systems (group A); or both. Note that the medians of groups A and E are almost an order of magnitude apart (1.7 x 10" 5 m s~' and 1.5 x 10~4 m s" 1 , respectively). Furthermore, the comparison may be somewhat biased because of the different species composition of each group (e.g. no crop plants in group A) and multiple entries for the same species from different studies, but two similar analyses performed separately for nonxeromorphic deciduous leaves and non-coniferous evergreen leaves, respectively, yielded a very similar pattern of differences between methods (Kerstiens, 1996c) .
Likely reasons for the possible underestimation of P in the most widely used stomata-free experimental systems (group A) will be discussed below. These are the relatively low water content of the cuticular membrane when exposed to very dry air at its outer surface and the gradual reduction in P during storage of isolated cuticles. Values obtained with desiccating leaves with or without a layer of vaseline or paraffin on the stomata-bearing surface are remarkably similar (groups B and D, respectively). As the values for Fagus sylvatica obtained with a wide range of different techniques show, each of them has the potential to produce comparable results (Table 1) . On the other hand, values may differ considerably, for instance in Gossypium hirsutum L., Picea abies or Zea mays L. (Table 1) .
The notion that stomata may have a conductance in the same order of magnitude (or higher) than cuticular permeance even when environmental conditions are promoting closure (i.e. at night or under severe drought) is supported by direct observations of stomatal aperture (Laisk et al, 1980; Kappen et al., 1987) and the finding that great differences exist between minimum rates of dry deposition of SO 2 and NO 2 to leaves on the one hand and cuticular permeances to these gases on the other (Kerstiens et al., 1992; Kerstiens, 1996c) . An example will show that stomata which would be regarded as closed when observed with the scanning electron microscope still have a residual conductance similar to or even greater than cuticular permeance. Stomatal conductance g can be estimated from stomatal dimensions according to the following equation:
(1)
The summation term represents the sum of 'conductances' (m 3 s 1 ) of individual stomata with pore depth d,, semilength a, and semi-width b h D being the diffusion coefficient of water vapour in air (Parlange and Waggoner, 1970) . As stomatal conductance g of a leaf results from the sum of all individual pore 'conductances' per unit surface area if the interstomatal distances are at least three times the length of the stomatal pore (Parlange and Waggoner, 1970) , g is obtained by averaging individual conductances and multiplication with stomatal density n. At a stomatal density of 50 mm" 2 , a pore length of 30 fj.m and a pore depth of 5 /xm, g min would equal 5.5 x 10~4 m s" 1 if the gap width was uniform and as small as 0.1 m (stomatal dimensions and density data for Avenafatua L. taken from van Gardingen et al., 1989 ; note that the formula for estimation of g given there was erroneous). If the pore width of 98% of stomata was only 0.01 ^m, but one in fifty pores was halfway open (pore width 5 fim), g min would be 2.3 xlO" 4 m s" 1 (the appropriate Knudsen diffusion coefficient of 2.0 x 10~6 m 2 s" 1 was used to calculate conductance at 0.01 ^m aperture).
Effect of cuticular water content on water permeability
Leaf cuticles in equilibrium with near-saturated air absorb up to about 18% (of dry weight) of water (Kerstiens and Lendzian, 1989*; Chamel et al., 1991 Chamel et al., , 1992 Luque et al., 1995) . Most of this water is associated with the polysaccharide content of the cuticular membrane. If the polysaccharides are chemically removed, its water sorption capacity drops dramatically (Lendzian and Kerstiens, 1989*; Chamel et al., 1992) . The water sorption isotherm of cuticles is non-linear and rises steeply when the external water vapour concentration approaches saturation (Chamel et al., 1991; Kerstiens, 1994a) . This is probably due to the formation of clusters of water molecules in the membrane (Luque et al., 1995) . For experimental reasons, it is virtually impossible to get closer to saturation than about 95% relative humidity. Water uptake of the cuticle is mainly a function of relative humidity, not of water vapour pressure. Chamel et al. (1991) have shown that the sorption isotherms of isolated cuticles at -10 °C, 4 °C and 20 °C were virtually identical. The equilibrium water content of cuticles immersed in a saturated water phase, in either gaseous or liquid form, is unknown, but likely to be higher than 20% in Abies alba Mill. (Chamel et al., 1992) or Citrus aurantium L. (Kerstiens and Lendzian, 19896) , which have shown the highest capacity for water sorption so far.
The amount of water present in the cuticle can affect its permeability to water. It was shown for Citrus aurantium (Schdnherr and Schmidt, 1979) and Fagus sylvatica L. (van Gardingen and Grace, 1992) leaf cuticles that P increases with cuticular water content, i.e. with increasing relative humidity of the air when the cuticle is in contact with liquid (pure or apoplastic) water on its inner side. Schmidt et al., 1981 Garrec and Plebin, 1986 Hane et ai., 1982 Kamp, 1930 Kamp, 1930 Saneoka and Ogata, 1987 Bataille et ah, 1990 Korner (pers. comm.) Pisek and Berger, 1938 Korner (pers. comm.) Pisek and Berger, 1938 Kerstiens, 1995 Kestiens, 1995 Kerstiens (unpublished results) Pisek and Berger, 1938 Schmidt et ai, 1981 Garrec and Plebin, 1986 Hane et al., 1982 Kamp, 1930 Kamp, 1930 Saneoka and Ogata, 1987 Bataille et al., 1990 Korner (pers. comm) Pisek and Berger, 1938 Korner (pers. comm.) Pisek and Berger, 1938 Kerstiens, 1995 Kestiens, 1995 Kerstiens (unpublished results) Pisek and BeTger, 1938 von Stamm, 1994 Benzmg and Burt, 1970 Bakker, 1991 Schreiber and Riederer, 1996 Santrucek, 1991 Korner (pers. comm.) Wang et al., 1988 Kamp, 1930 Nazrul-Islam, 1983 Nazrul-Islam, 1983 Cochrane and Slatyer, 1988 Schreiber and Riederer, 1996 Hoad et al., 1994 Hoad et al., 1996 Hoad et al., 1996 Kerstiens and Lendzian, 19896 Kerstiens and Lendzian, 19896 Kerstiens, 1995 Kerstiens, 1995 K8rner (pers. comm.) Pisek and Berger, 1938 Stickan and Zhang, 1992 van Gardingen and Grace, 1992 Grace, 1974 Korner (pers. comm.) Schreiber and Riederer, 1996 Becker et al., 1986 Schreiber and Riederer, 1996 Nazrul-Islam, 1983 Schreiber and Riederer, 1996 Davies and Kozlowski, 1974 KOrner (pers. comm.) Kerstiens (unpublished results) Schreiber and Riederer, 1996 Paje et al., 1988 Sinclair and Ludlow, 1986 Wang et al., 1988 Jordan and Ritchie, 1971 Downloaded from https://academic.oup.com/jxb/article-abstract/47/12/1813/545553 by guest on 25 December 2018 Pisek and Berger, 1938 Gaumann and Jaag, 1936 Blom-Zandstra et al., 1995 Nazrul-Islam, 1983 Korner (pers. comm.) Holbrook and Sinclair, 1992 Becker et al., 1986 Pisek and Berger, 1938 Wang et al., 1988 Bakker, 1991 Jenks et al., 1994 Jordan et al., 1984 Muchow and Sinclair, 1989 Premachandra et al., 1992 Premachandra et al., 1992 Saneoka and Ogata, 1987 Saneoka and Ogata, 1987 Wang et al., 1988 Yoshida and de los Reyes, 1976 Santrucek, 1991 KOrner (pers. comm.) Pisek and Berger, 1938 Pisek and Berger, 1938 Hajibagheri et al., 1983 K6rner (pers. comm.) Benzing and Burt, 1970 Benzing and Burt, 1970 Benzing and Burt, 1970 Benzing and Burt, 1970 Benzing and Burt, 1970 Shepherd, 1964 Clarke and Richards, 1988 Rawson and Clarke, 1988 Rawson and Clarke, 1988 Rawson and Clarke, 1988 Rawson and Clarke, 1988 Araus et al., 1991 Clarke et al., 1991a Clarke et al., 1991a Korner (pers. comm.) Running, 1976 Kerstiens (unpublished results) Komer (pers. comm.) Korner (pers. comm.) Riederer, 1996 Pisek and Berger, 1938 Korner (pers. comm.) Sinclair and Ludlow, 1986 Sinclair and Ludlow, 1986 Lendzian and Kerstiens, 1991 Benzing and Burt, 1970 Dube et al., 1975 Dube et al., 1975 Knittel and Pell, 1991 Korner (pers. comm.) Muchow and Sinclair, 1989 Santrucek, 1991 Wang et al., 1988 Yoshida and de los Reyes, 1976 * Stomatal transpiration (partly) suppressed on one leaf surface by applying a mass flow of air to the other surface across amphistomatous leaves.
Other cuticles show no dependence of P on water content (SchSnherr, 1982) . As most experiments with stomatafree systems have been carried out in very dry air, it is possible that P in the field is up to 2-3 times higher than determined in these experiments.
The circumstantial evidence points to the polysaccharide strands in the cuticle as being responsible for the humidity-dependence of P (Kerstiens, 19946) . It is possible that polysaccharide micronbrils contribute to some extent to the overall water transport across the membrane, in effect providing a parallel transport pathway of limited capacity to that restricted to the amorphous wax domains. Changes in the water content of polysaccharides and their effects on water diffusion along these structures could then be responsible for the effect of relative humidity on P. A necessary requirement would be for the microfibrils to penetrate the limiting skin and reach the outer surface of the cuticle (i.e. the absence of a cuticle proper; Holloway, 1982) . The database, which is still very small, is consistent with this hypothesis: permeance of cuticles lacking a cuticle proper was not dependent on humidity (Kerstiens and Lendzian, 198%) . Gaumann and Jaag (1936) demonstrated the humidity dependence in vivo. In a unique series of experiments, they placed one sapling each of pedunculate oak (Quercus robur L.) and Rhododendron hybridum hort. in a dark climatized room each night for the best part of a season and measured nocturnal whole-shoot mass loss under controlled temperature and humidity. The pots the plants were growing in were sealed during the night. Typically, they were able to determine two data points per night. Figure 2 shows four of their data series taken over a period of three months, one each for both species with decreasing and increasing humidity, respectively. Values of g min decline with decreasing humidity (as was also shown for several other species in the same experiment), but the response to changes in humidity shows a hysteresis. The increase in g mn with rising relative humidity is much smaller than during the first part of the experiment when humidity was lowered. The same behaviour was observed by van Gardingen and Grace (1992) with detached beech leaves (abaxial side sealed) over a much shorter period of time. No convincing explanation for the phenomenon has been suggested yet. In GSumann and Jaag's experiments, the reduction in slope was apparently irreversible and may have been related to a more sensitive response of stomata to decreasing VPD following exposure to dry air.
A decline in g mm or P has also been observed with falling leaf water content (Hadley and Smith, 1990; van Gardingen and Grace, 1992; Kerstiens, 1995; Hoad et a/., 1996) . Whereas this may have been caused largely by stomatal closure when g^n was the measured variable, apoplastic water content also has a 2-fold direct, albeit small, impact on apparent cuticular water permeance. Firstly, a drop in apoplastic water content will cause cuticular water content to fall if it is accompanied by a drop in the matric potential (which equals leaf water potential, tfi, in an equilibrium state). The relative change in relative humidity or water vapour pressure (Aplp) following a step from ih 1 to I/I 2 (in Pa) is given by equation 2, where V w is the partial molal volume of water (1.805 x 10" 5 m 3 mol" 1 at 20°C), R is the gas constant (8.314 K mol" 1 K' 1 ), and Tis the temperature (in K). Relative humidity (%) 80 100 Fig. 2 . Nocturnal whole-plant minimum conductances g^ of Quercus robur (circles) and Rhododendron hybridum (squares) at 20 °C after deduction of stem and branch transpiration (data from Gaumann and Jaag, 1936) . Pots were sealed. Open symbols mark the first experiment, in which air humidity was gradually decreased on a day-to-day scale. Closed symbols mark the second experiment with gradually increasing humidity. See text for details about the experimental procedure.
Neglecting the non-linear relationship between cuticular water content and relative humidity (see above) for the moment, cuticular water sorption would fall by approximately 0.74% of its maximum value for each drop in ifi of 1 MPa. When </. drops from -1 to -3.5 MPa (at 20 °C), the equilibrium relative humidity drops from 99.3 to 97.4%. A leaf water potential of -3.5 MPa corresponded to a relative leaf water content of 50% in shoots of Picea abies and leaves of Coffea liberica Hiern (Gross and PhamNguyen, 1987) , which is a fairly typical example. Relative water contents of 50% may be reached during a desiccation experiment, sometimes even before maximum stomatal closure has occurred (Nazrul-Islam, 1983) . Because of the steepness of the sorption isotherm close to saturation this small change in external relative humidity will translate into a more substantial change in cuticular water content. However, this does not necessarily translate into a considerable reduction of cuticular permeance: the drop in P between 100% and 95% relative humidity at the outer surface of the cuticles in Schonherr and Schmidt's (1979) experiments was not particularly steep.
Secondly, a drop in leaf water potential will somewhat reduce the driving force for transpiration according to the decrease in equilibrium relative humidity (provided leaf temperature remains unchanged). As this is not usually accounted for when calculating permeances or conductances (Pearcy et al., 1989) , the water vapour concentration difference will be overestimated and permeance or conductance therefore slightly underestimated.
What about pores?
There is no indication for a transport contribution of pores (in the absence of liquid water on the outside of the cuticle), although pores have been demonstrated in cuticular matrix membranes after removal of waxes by prolonged immersion in organic solvents (SchSnherr, 1976) . In these experiments, isolated matrix membranes were in contact with liquid water on both sides. The estimated average pore radius was 0.45 nm (Schonherr, 1976) . Pores of this size may appear and disappear continually as a result of molecular motion of the matrix polymer chains (Wijmans and Baker, 1995) . Because of the fluctuating nature of such pores, membranes with pores smaller than 0.5-1 nm in diameter may still perform like solution-diffusion membranes.
There is good agreement from studies where the outer surface of the cuticle was in contact with air and the inner surface in contact with either liquid water, water vapour-saturated air or apoplastic water. Representative values for P of Citrus aurantiwn (isolated cuticles stored for not more than 4 weeks) for the three systems are: 0.9 xlO~5ms~1 (Geyer and Schonherr, 1990 ), 1.2 xlO" 5 m s" 1 (Becker et al., 1986) and l.OxlO" 5 m s~' (Lendzian and Kerstiens, 1991) , respectively. In transport experiments where the cuticle was mounted between two gaseous phases, increasing the overall pressure on the high-concentration side would have caused an increased flow across the cuticle if mass flow through pores had contributed to transport. This was not the case with water vapour (Kerstiens, unpublished data) or ozone (Kerstiens and Lendzian, 1989a) . The close correlation between condensation temperatures of different gases and their cuticular permeances, which vary over three orders of magnitude (Kerstiens et al., 1992) , eliminates the possibility of any appreciable flow along pores and supports the solution-diffusion mode of transport in cuticles. The same applies for the Arrhenius-type temperature dependence of water transport in cuticles with activation energies well in excess of the latent heat of vaporization of water (Schonherr et al., 1979; Schdnherr and Merida, 1981) , which would not be expected for flow in pores.
Another powerful argument against the participation of pores in water transport through cuticles was presented recently by Schreiber and Riederer (1996a) . Across a sample of leaf cuticles from 21 species and fruit cuticles from three species (spanning a range of values of P from 7.4 x 10~7 m s" 1 to 9.0x 10~5 m s" 1 ) water permeance (measured in the system dry air-cuticle-liquid water) was closely correlated with the mobility of a fatty acid used as a molecular probe in the isolated and reconstituted cuticular waxes. The probe mobility also varied by two orders of magnitude. This is good evidence that it is primarily the molecular architecture of cuticular waxes in the limiting skin which determines cuticular water permeability, and not the membrane thickness, the wax load or the presence of pores, all of which have been implicated in the past.
With respect to water uptake from mist or dew (see below) it would be interesting to know whether cuticular permeance was increased if the membrane was in contact with liquid water at its outer surface. If so, this would indicate a continuous phase of liquid water inside the cuticle reaching both its inner and outer surfaces. A considerable increase in P would necessitate the existence of pores or minor cracks too wide to be filled just by the formation of clusters resulting from adsorption of water vapour on the pore walls, because such narrow pores would be filled by the sorption process even in the absence of liquid water. Water diffusion in such wide pores or cracks may be fast enough to make a difference to cuticular permeability, even if they occupied only a small part of the surface area.
There is no net flux across the cuticle if both the inner and outer surface are in contact with a saturated water phase, but Haas and Schonherr (1979) used tritiated water on one side of the cuticle to measure P in a system where isolated cuticles of Citrus aurantiwn were in contact with liquid water on both sides. When expressed in the units and with the type of driving force used in the present paper, P amounted to between 2 and 12 x 10 " 5 m s" 1 , depending on the year the membranes had been sampled. This was possibly up to five times that of Citrus cuticles which were in contact with water vapoursaturated air at the outer surface and liquid water at the inner one (2.6xlO~5 m s" 1 ; Schonherr and Schmidt, 1979) ; 'possibly' because the comparison between the two studies is made difficult by the fact that permeability of isolated cuticles declines with time in storage (and may vary somewhat from year to year), and it is not clear how old the samples used by Schonherr and Schmidt (1979) were at the time of the experiment. Haas and SchSnherr (1979) and Geyer and SchSnherr (1990) demonstrated that cuticles stored for a year or more showed only about half the permeability of cuticles investigated within up to 4 weeks after isolation. This is probably due to the gradual growth and fusion of zones of crystalline wax in the limiting skin during storage. If it is assumed that the cuticles used by Schonherr and Schmidt (1979) had been stored for one or two years prior to the measurements then there was no difference between the systems liquid water-cuticle-liquid water used by Haas and SchSnherr (1979) and water vapour-saturated aircuticle-liquid water used by Schdnherr and Schmidt (1979) . The question remains unresolved at the moment.
Cuticular transpiration and the VPD-response of stomata
The role of cuticular transpiration in stomatal response to VPD (the water vapour pressure difference between leaf air spaces and leaf surface) has been a matter of debate for the last twenty years. There is good evidence that leaf transpiration rate, rather than VPD per se, controls the stomatal response to VPD (Mott and Parkhurst, 1991; Monteith, 1995) , and many stomatal responses to humidity may be the result of relatively simple hydraulic relationships in the epidermis. One type of response, however, cannot easily be understood in these terms: a closing response of stomata strong enough to cause a reduction in transpiration rate following an increase in VPD. This is not uncommon under conditions of high VPD. The response appears to require the input of a signal conveying the persistently high evaporative demand. In the absence of such a signal it is difficult to imagine how a plant distinguishes between a reduction in steady-state transpiration rate due to a decrease in VPD and one resulting from a strong decrease in conductance following an increase in VPD. Whereas a decrease in VPD would normally trigger gradual re-opening of stomata, stomatal conductance remains low as long as VPD remains high. This type of response has been called 'direct' (Schulze et al., 1972) or 'feedforward' (Farquhar, 1978) , and it has been suggested that water loss through the cuticle, in one way or the other, provides the required additional control (Cowan, 1977; Maier-Maercker, 1983; Sheriff, 1984; Grantz, 1990) . The decrease of P with decreasing air humidity at the leaf surface (Gaumann and Jaag, 1936; SchSnherr, 1982; van Gardingen and Grace, 1992) is not strong enough to prevent an increase in cuticular transpiration with increasing VPD. In fact, cuticular transpiration would probably increase at a higher rate than the decrease in air humidity in bulk air because stomatal closure will accelerate the rise in VPD at the leaf surface. Seybold (1961/62) developed the idea of 'peristomatal' transpiration, i.e. cuticular transpiration from guard and subsidiary cells, interacting with stomatal aperture. Maier-Maercker (1983) , based on findings with a variety of indicators and tracers for transpiration, strongly supported this idea. These results have been interpreted as showing that peristomatal transpiration was higher than cuticular transpiration of the rest of the epidermis. Meidner (1986) and Nonami and Schulze (1989) , however, stated that the reports apparently indicating enhanced peristomatal transpiration were inconclusive. Meidner (1987) , Assmann and Gershenson (1991) , Kappen and Haeger (1991) and others (cf. Assmann and Gershenson, 1991) found that transient stomatal opening preceded closure due to an increase of VPD, at least if the step in VPD was large (Assmann and Gershenson, 1991) . As Meidner (1987) pointed out, this observation ruled out that the humidity response was due to water loss directly from the guard cells, but it would be in accordance with a model involving enhanced cuticular transpiration from subsidiary cells (Kappen and Haeger, 1991) . Sheriff (1984) concluded that cuticular transpiration from the epidermis as a whole can interact hydraulically with stomata, but a direct humidity response could only occur if the percentage of stomatal transpiration originating from the inner walls of epidermal cells was relatively small (e.g. 10%). Recent findings (Wullschleger and Oosterhuis, 1989; Nonami et al., 1990; Terhune et al., 1991) of a cuticle lining at least part of the cell wall of guard cells and other epidermal cells facing the substomatal cavity make this a plausible assumption. Grantz (1990) proposed the hypothesis that the (KPD-dependent) water flow from mesophyll to epidermis caused by cuticular transpiration might significantly contribute to the transport of modulators of stomatal conductance, such as abscisic acid (ABA), to guard cells. The concentration of the plant hormone in this water flow depended on its rate of accumulation in the apoplastic solution in the mesophyll and thus was a function of the transpiration rate from mesophyll cell walls, i.e. a function of VPD. This mechanism would involve a response of guard cell metabolism to VPD. However, the observation that the potassium content of guard cells only dropped during the later stages of the stomatal closing response to an increase in VPD (LQsch and Schenk, 1978) suggests that a metabolic response of guard cells related to the redistribution of ABA may rather serve to keep stomata (partially) closed than to induce stomatal closure.
As different as these concepts may be, a common feature of all of them is that the stomatal response to VPD is positively related to cuticular transpiration and, therefore, higher cuticular water permeance P would be expected to lead to a more sensitive response of stomata to VPD. Experimental alteration of P offers an indirect way of testing the hypothesis that cuticular transpiration is involved in the stomatal response to VPD, but, as pointed out above, cuticular transpiration can not be measured reliably in the presence of stomata. However, if an experimental treatment was applied which affected the efficacy of the cuticular diffusion barrier, and if it could be assumed that the impact was approximately the same for both leaf surfaces, one would expect the relative difference in P between treatments to be similar for both surfaces. Effects on abaxial P could then be estimated from measurements of adaxial P in hypostomatous leaves.
This approach was taken in a recent series of experiments (unpublished results). Application of small doses of various systemic herbicides inhibiting wax production and, in a different experiment, application of organic solvents to leaf surfaces with closed stomata was used to alter P in situ. As a third treatment, plants were grown without the protection of a greenhouse and exposed to strong natural winds. All treatments caused moderate to strong increases in cuticular permeance. Treatment effects on P were compared with effects on KPD-sensitivity of stomata (in the VPD-range 0.7-1.8 kPa at c. 24°C). Rather surprisingly, stomatal sensitivity to VPD (expressed as per cent reduction in conductance per unit increase in VPD at VPD = 1 kPa) and P were negatively correlated with each other (/><0.01), i.e. the higher P, the less stomata closed in response to a rise in VPD. With very high P, stomata even opened in response to increasing VPD. This relationship was consistent for both species (Corylus avellana L. and Populus tremula L.) and all forms of treatment tested. As the KP.D-responses were nonlinear, the K/^-sensitivity was a function of VPD itself, and the correlations between P and sensitivity differed according to the choice of VPD for the analysis. With rising VPD, the negative correlation tended to disappear. It was very clear, however, that an increase in cuticular transpiration did not cause a stronger relative reduction of stomatal conductance in response to increasing VPD. Both species showed feedforward behaviour within the range of VPD applied.
These results are at odds with earlier findings. Meinzer (1982) immersed twigs of Douglas fir (Pseudotsuga menziesii (Mirb.) Franco) in hexane for 2x5 s to remove part of the cuticular waxes. Stomatal response to changes in VPD (1.3-2.6 kPa) was measured 7 d after immersion within a controlled-environment leaf chamber. When VPD was increased, stomatal conductance of hexanetreated branches of Douglas fir showed, without exception, a greater percentage decrease than untreated branches (n = 3; Meinzer, 1982) . The obvious weakness of this result is that it is based on a small number of replicates, but the treatment effect is clearly what would be expected if cuticular transpiration provided a signal for stomatal closure.
ICerstiens (1995) grew beech (Fagus sylvatica) in a greenhouse or a growth chamber, which resulted in a difference in P. Stomatal sensitivity to VPD was weakly (p = 0.03) correlated with P (n=12). Following an increase in VPD from 2 to 2.5 kPa, for instance, conductance would decrease by between 26% (if />=1.5x 10~5 m s" 1 ) and 34% (if P = 3.5x 10~5 m s" 1 ). However, this trend was found only if stomatal conductance measured at VPD <1 kPa was disregarded. Only above VPD = 1 kPa was the relationship between conductance and VPD found to be linear. Over the whole range of VPD studied, the relationship was better described by a linear relation between stomatal resistance and VPD. The regression coefficients of resistance versus VPD, however, were not correlated with P. Although the results from the two studies by Kerstiens (1995 and unpublished) appear to be diametrically opposed, stomatal KP£)-sensitivity going up (Kerstiens, 1995) or down (unpublished) with increasing P, there is a feature common to both: the trend from a negative or insignificant correlation at relatively low VPD to a less negative or positive correlation at relatively high VPD.
There is an interesting parallel between this finding and observations of Mott and Parkhurst (1991) indicating patchy stomatal closure at high VPD. Mott and Parkhurst (1991) suggested that the stomatal response to humidity may involve two separate processes. At low to medium VPD, the response would be the result of a relatively simple hydraulic effect of transpirational water loss on turgor of guard cells. At higher VPD, however, high transpiration rates may produce severe local water deficits triggering (almost) complete stomatal closure in this area. Once this stage was reached, stomata would remain closed for some period of time locally whatever the VPD. Another two recent suggestions for the mechanisms underlying the direct response (Cowan, 1994; Schulze, 1994) follow the same basic argument as Mott and Parkhurst (1991) that the response of stomata to local water relations was fundamentally different at high and low VPD, and that cuticular transpiration was not necessary as an additional input to regulate stomatal aperture. Ultimately, the truth may well turn out to contain parts of both concepts: that cuticular transpiration may interact with stomatal response to VPD by affecting water relations within the epidermis, but that the relationship between local gradients of </ r and stomatal aperture becomes fundamentally different when transpiration rates approach the maximum a leaf can sustain.
Cuticular transpiration and winter desiccation of coniferous needles
Excessive cuticular transpiration has been suggested as a factor contributing to plant death by desiccation during the winter at the alpine treeline (frost drought or Frosttrocknis; Tranquillini, 1982) and following the transfer to the greenhouse of plantlets grown in vitro (Diettrich et cil., 1992) . It was recently shown that this was an unlikely cause in the case of in vitro plant material, because all (hypostomatous) species that were examined had normal or only slightly increased values of P, in spite of being sensitive at the transfer stage (Kerstiens, 19946; Santamaria and Kerstiens, 1994) . It was concluded that plant losses caused by dehydration following the transfer from culture vessels to the nursery resulted primarily from dysfunctional stomata. The problem of cuticular transpiration of needles growing at high elevation is more difficult to assess because there is no way to exclude residual stomatal transpiration experimentally.
There is clear evidence that needle water content can fall dramatically during the winter in areas with continuous frost and reach a minimum in early spring when needles are warmed by the sun while air and soil temperatures are still below zero (cf. Havranek and Tranquillini, 1995) . Keeping water loss from needles small may obviously be of vital importance under such conditions. Minimum conductance of leaves, branches or fascicles of Eucalyptus pauciflora, Picea abies, P. rubens, Pinus albicaulis Engelm., P. cembra L., and P. sylvestris L. detached during the winter and allowed to rehydrate and then transpire under controlled conditions increased with elevation (Tranquillini, 1974; Baig and Tranquillini, 1980; Sowell et al., 1982; Cochrane and Slatyer, 1988; Grace, 1990; Herrick and Friedland, 1991) . However, it is impossible to decide on the basis of the existing evidence which factors contributed to the increase in g min : a summer growth period too short for the production of a fully mature and functional diffusion barrier; wind and snow damage to needle surfaces which originally possessed a fully developed cuticular barrier; or stomatal dysfunction (Grace, 1990) . Tranquillini (1974) demonstrated that artificial shortening of the growing season at high elevation (1950 m in the Austrian Alps) by about 30% increased g min of Picea abies from 2.1 to 2.9 x 10~5 m s" 1 (see also Table 1 ). This supported earlier observations (cf. Tranquillini, 1974) that Picea abies and other tree species require a growing period of at least three months to complete their life cycle. Hadley and Smith (1983) demonstrated the impact of blizzards on #""" of Picea engelmannii Parry krummholz. Needles from the windward side of exposed shoots growing at 3230 m a.s.l. in the Medicine Bow Mountains, Wyoming, had more than twice the value of needles protected under a snow cover (4 x 10 ~5 m s" 1 ), with needles from the leeward side of exposed shoots showing intermediate values.
Further evidence that exposure to strong winds (llm s" 1 wind speed for 1 week), or even just gentle rubbing of needles with a soft cloth may cause a strong increase in g jma comes from a study by van Gardingen et al. (1991) on Pinus sylvestris and Picea sitchensis (Bong.) Carr. The wind tunnel treatment resulted in an increase in g min of 15-120%, whereas rubbing increased g mm 6-8-fold. Although it is not clear whether the increase in g min was indeed caused by an increase in P, it is certainly possible that physical impact on the leaf surface may increase the local permeance quite drastically, taken that the main diffusion barrier is located within less than 0.5 ^m from the surface of the cuticle (cf. Kerstiens, 1996a) .
Together these findings give credence to the suggestion that with rising altitude, g min may reach values that may cause unsustainably high water loss during the winter, but different authors, looking at a range of species and habitats, have come to different conclusions as to whether this does in fact happen. Whereas Cochrane and Slatyer (1988) and Boyce et al. (1992) , respectively, came to the conclusion that frost drought was an unlikely cause of shoot dieback in winter in Eucalyptus pauciflora Sieb. ex Spreng growing in plantations well above the natural treeline in southeastern Australia, and in Picea rubens Sarg. growing within the spruce-fir zone at 880 m a.s.l. in New Hampshire, two studies with Pinus spp. point in a different direction. Winter water loss of Pinus albicaulis needles under field conditions was assessed by Sowell et al. (1982) . They concluded that needles were safe with a g mn of 0.6 x 10" 5 m s" 1 (Table 1) , but were likely to be severely damaged by desiccation if g min was 1.1 x 10 ~5 m s" 1 unless they could use water stored in stem tissue. The latter value of g min was found at 2940 m a.s.l. in the krummholz zone of the Sierra Nevada (California). Grace (1990) , assuming that all water in the above-ground parts of Pinus sylvestris would be available as a reserve during frost drought, and estimating that the average VPD in winter was 0.2 kPa, concluded that the reserves would last for about 200 d at a g min of 1 x 10" 5 m s" 1 . Table 1 shows that this value represents the lower limit for P. sylvestris in several studies and may be very close to cuticular permeance. As g^,, of needles from the highest elevation site (krummholz zone of the Cairngorms, Scotland, at 670 m a.s.l.) was about twice that value, this study too shows that the impact of high P or g mn on needle water relations during the winter may be detrimental unless water becomes available during intermittent periods of thaw.
Minimum conductance and drought resistance of crops
Many investigators have been preoccupied with the question whether cuticular permeance or minimum conductance, since they so obviously have something to do with dehydration avoidance under water-limiting conditions, could be used in screening tests as good predictors for the drought resistance of different genotypes of crop species. An essential requirement for such a trait is that its environment-or leaf age-induced (or just random) variability within a test is considerably smaller than the hereditary differences between genotypes. In as far as it was tested, this was found to be the case in the studies reported below (see Table 1 for the methods used). There are also numerous studies where it was tested whether the amount of extracted cuticular waxes could be useful as a screening tool, but this topic is beyond the brief of the present review. In any case, a relationship between the amount of extracted cuticular waxes and P or g mm is often not found (cf. Kerstiens, 1996a) . Quisenberry et al. (1982) observed that growth rates of different cotton stocks (Gossypium hirsutum) in dryland tests tended to be higher when stomata remained open to a lower relative water content before closure, i.e. when the mass loss rate of detached leaves reached a constant level after relatively more water had been lost during the phase of stomatal closure. There was no correlation between g mn (Table 1) and growth rates under irrigated or dryland conditions.
• Jefferson et al. (1989) Bengtson et al. (1978) showed that the most drought resistant variety of oat (Avena sativa L.) they tested, Stormogul II, had the highest (sic) g^ when grown under well-watered conditions (16xlO~5ms -1 ) and after exposure to root cooling as a water stress treatment (9.5x 10~5 m s" 1 ). The relative effect of the root cooling on g min , however, was greater in this cultivar than in any of the other five tested. Fukai and Cooper (1995) mention that they failed to find a correlation between g,,^ and how long different rice lines (Oryza sativa L.) retained green leaves during water stress.
The usefulness of g^ and glaucousness to evaluate drought resistance of wheat (Triticum aestivum L.) and durum wheat (T. turgidum L. var. durum) has been studied by JM Clarke et al. in a series of papers. Glaucous lines showed higher g mht than near-isogenic non-glaucous lines (Clarke and Richards, 1988) . There was no correlation between g,^ and the rate of leaf senescence under drought (Clarke et al., 1991a) . In an experiment with 4300 durum wheat genotypes (including a large collection of accessions from all over the world) carried out in Saskatchewan, Canada, selection for low g^,, in a dry year resulted in improved yield potential in the following, even drier year (Clarke et al., 19916) . In the next year, however, with above average precipitation, the selection resulted in low yield potential (Clarke et al., 19916) . However, these results may have been influenced by the association of several other traits with low g^. plants flowered and matured late, were tall and strongly glaucous with nonchlorotic leaves (Yang et al., 1991) . Jordan et al. (1984) found that g^n in bloomless lines of sorghum (Sorghum bicolor) was higher than in the corresponding isogenic lines producing the normal bloom of epicuticular wax or lines producing a sparse bloom. Under dryland conditions, bloom or sparse-bloom lines retained more green leaf area during the grain-filling period. Premachandra et al. (1992) found that within four cultivars of sorghum, relative growth rate and total plant weight were negatively correlated with g mm under both irrigated and unirrigated conditions. Incidentally, sorghum provides an interesting but inconclusive case for the study of different factors contributing to g^. The two papers by Jordan et al. (1984) and Premachandra et al. (1992) both revealed a negative correlation between g mn and the amount of waxes extracted from the leaves, although the absolute values of g^n were an order of magnitude apart (Table 1) . On the other hand, Muchow and Sinclair (1989) , who found values of g min very similar to those of Jordan et al. (1984) (Table 1) , established a positive correlation between g^ and stomatal density in sorghum, which most likely indicates a significant contribution of residual stomatal transpiration to g mD in this investigation. Jenks et al. (1994) demonstrated that a single-locus mutation in sorghum with a strong negative impact on both thickness of the cuticular membrane and wax deposition also caused a strong increase in g min from 7 x 10" 5 m s" 1 in the wild type to 18 x 10" 5 m s" 1 in the mutant.
Sorghum comes out as the one species where g^,, may provide a useful tool for selection for drought resistance. However, in an analysis focusing on sorghum and other crops for the semi-arid tropics, Ludlow and Muchow (1990) rated the contribution of variability in g min to differences in yield-related traits as neutral in general, the only exception being subsistence agriculture (geared to safe rather than high yields) in areas where plants may encounter intermittent water shortage. However, high leaf reflectance, which is related to epicuticular waxes, may have a much greater potential as a beneficial trait in modern (opportunistic) as well as subsistence agriculture by reducing leaf temperature and thereby VPD (Ludlow and Muchow, 1990 ).
Foliar absorption of water
'Foliar water uptake remains as controversial as ever.' (Rundel, 1982) 'There is a considerable difference of opinion concerning the importance of absorption of water through leaves and stems.' (Kramer and Boyer, 1995) There is plenty of experimental evidence that some water can enter leaves from the surface even in the absence of specialized structures (Barthlott and Capesius, 1974) , such as the absorbing trichomes or 'shields' of some epiphytic Bromeliaceae like Tillandsia usneoides L., but the ecophysiological importance of foliar water uptake from fog and dew in arid regions remains a matter of dispute (Rundel, 1982; Kramer and Boyer, 1995) . Flow rates across cuticles seem never to have been quantified. One problem with many experiments, as far as cuticular fluxes are concerned, is that the investigators were only interested in overall above-ground uptake, i.e. they made no attempt to differentiate between uptake by leaves, branches and stems.
Recently, two papers have shown that water uptake across the cuticle can be sufficient for a major increase of leaf or plant water potential (</«) and, probably as a result of this, stomatal conductance (Grammatikopoulos and Manetas, 1994; Yates and Hutley, 1995) . The epidermes of investigated plants did not possess any special features which would allow liquid water to bypass the cuticle and enter the epidermis directly, as is the case with some Bromeliad shield trichomes (Benzing and Burt, 1970) . In both experiments outlined below, uptake of water droplets through stomatal pores was considered irrelevant. Films of liquid water cannot enter stomatal pores (SchSnherr and Bukovac, 1972) . Uptake via the stem or the soil and roots was excluded. Grammatikopoulos and Manetas (1994) found that 6.5%, 7.5% and 16.4%, respectively, of a single application of water (amount not specified, but probably about 50mgcm~2) sprayed on to leaf surfaces of hairy leaves of Phlomis fruticosa L., Verbascum mallophorum Boiss & Heldr and V. spesiosum Schrader was taken up by the leaves before the water had evaporated. No uptake was found with the glabrous evergreen leaves of Hedera helix L., Nerium oleander L. and Olea europaea L. Spraying leaves with a solution of Calcofluor (an indicator binding to polysaccharides) demonstrated that the water flow occurred directly into epidermal cells, not via trichomes. The role of trichomes in increasing water uptake as compared to glabrous leaves was to retain more water on the leaf surface, and for a longer period of time (about 90-120 min under the conditions of the experiment). It was shown that daily spraying at dawn of shoots of unwatered Phlomis fruticosa plants over a period of one month reduced water stress considerably.
Water potential of detached leaves of Sloanea woolsii F.Muell., an Australian rainforest tree, recovered from -2.5 MPa to -1.5MPa within 6h when misted. The relative water content (R WC) increased by approximately 3%. Keeping the leaves in a water vapour-saturated atmosphere, however, improved the water potential only by 0.3 MPa, while RWC decreased by about 1% at the same time (Yates and Hutley, 1995) . This difference between treatments might be taken to indicate a higher water permeability of the cuticle in contact with liquid water at the leaf surface. The initial driving force for water flow from the leaf surface (</ > = 0 MPa) to the leaf tissue (i/i= -2.5 MPa) in this experiment was the same as that between saturated air and air of a relative humidity of 98.2% at 25 °C (equation 2). Sadly, there are insufficient data available in the paper for an estimation of cuticular permeance. As a rough guess, these leaves may have contained 50-100 mg tissue water cm ~2 projected leaf area. The observed increase in R WC after spraying would then correspond to a flow rate of 1.5-3 mg water cm" 2 per 6 h, or 0.13-0.25 mg h" 1 cm" 2 total surface area. The driving force equivalent to a difference of 1.8% in relative humidity at 25 °C is 0.4 g m" 3 , which results in a 'permeance' of 90-170 x 10" 5 m s" 1 . Comparison with Fig. 1 shows that this value is extremely high and likely to have been caused by water uptake through fine cracks in the cuticle resulting from natural abrasion (Yates and Hutley, 1995) .
Conclusions
As would be expected, cuticular water permeability is very small compared with maximum stomatal conductance, which ranges from 4 to 12xlO~3 m s" 1 on a projected leaf area basis (Schulze et al., 1994) . Under field conditions, it is safe to say that P will contribute less than 3xlO~4ms~'to maximum whole-leaf conductance (sum of ad-and abaxial surfaces). In fact, the value is probably well below 2 x 10" 4 m s" 1 in the vast majority of leaves. It is unfortunate that no method exists for the reliable determination of cuticular water permeability of stomata-bearing leaf surfaces. This causes considerable uncertainty as to the contribution of cuticular water loss to minimum leaf conductance. The latter may include a very substantial contribution from imperfectly closed stomata, particularly in intact leaves in the field. Unusually high minimum conductance, which may have a variety of causes, can become a critical factor for survival at the alpine treeline in late winter and early spring. Minimum conductance of different cultivars is generally not related to crop yield under conditions of water shortage, but may be a useful tool for the identification of varieties that will survive severe drought. As to the potentially most important physiological role of cuticular transpiration, its participation in stomatal response to VPD, there is a bewildering diversity of hypotheses and only a small body of apparently contradictory evidence. The jury is still out on this question.
